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Introduction one can access not only the structural changes in the
channel resulting from processes such as voltage or li-
Traditionally, the functional properties of transmem- gand gating, but also the transport of larger molecules
brane channels have been approached in terms of smathrough their transient occlusion of ion current. Other-
ion conduction. Since the inception of two groundbreak-wise, direct large-molecule flux determination requires
ing techniques to observe single channels, namely, chareroic effort with multipore membranes (or even whole
nel reconstitution into planar bilayers (Bean et al., 1969;cells and organelles) and long observation times using
Miller, 1986) and patch-clamping (Neher & Sakmann, radioactive, fluorescent, or colorimetric probes (Weis-
1976; Sakmann & Neher, 1995), the same basic electronan et al., 1989), electron-opaque tracers (Feldherr,
physiological methods have been applied to two, distinc-1986), liposome swelling (Jap & Walian, 1990), or sol-
tively different groups of channels. These are theute-specific reactions, such as the luciferin-luciferase
‘small,’ highly ion-selective channels of excitable mem- system for ATP detection (Rostovtseva & Colombini,
branes of neurophysiology and the ‘large,” poorly ion-1997).
selective channels that include bacterial porins, mito-  Here | review the new approach to study channel-
chondrial channels, gap junctions, some toxins, thdacilitated metabolite transport. In this approach fluc-
nuclear pore complex, and protein-conducting channelsuations in single-channel currents reveal large-solute
in the endoplasmic reticulum. High-resolution monitor- partitioning into and dynamics within an ion channel
ing of single-channel currents has proven to be a majoaqueous pore. The change in resistance of an electrolyte-
tool in studies of mechanisms by which neurophysiologi-filled capillary produced by the passage of micron-sized
cal channels gate and select between different ionparticles has long been used for particle counting and
(Hille, 1992). sizing. A conventional device for such measurements,
Large channels seem to be designed by Nature tthe Coulter counter, that makes use of an orifice of about
serve a different purpose. This is, most probably, t0o30 microns in diameter, is able to detect particles down
regulate the passive and active transport of moleculato several tenths of a micron (Kubitschek, 1958; Allen,
species that are larger than halide, alkaline, or alkalind967; Bunville, 1984). Nuclepore technology (in which
earth metal ions. These large channels are pathways farifices are etched particle tracks) extended the lower
metabolites and macromolecules such as proteins arglze limit by detecting 60 nm particles in a 0.45a-
nucleic acids. At the same time, they can pass smaltliameter capillary (DeBlois & Bean, 1970; DeBlois et
ions. By measuring the current carried by the small ionsal., 1977).

Correspondence t0oS.M. Bezrukov —_—
1 A discussion of direct solute permeation through the lipid bilayer
Key words: Conductance fluctuations — Molecular sieving — Large- rather than through channels can be found elsewhere (Volkov, Paula &
solute selectivity Deamer, 1997; Paula & Deamer, 1999).



2 S.M. Bezrukov: lon Channels as Coulter Counters

100 p 2. range of applications from medicine to geology (Allen,
1975; Kachel, 1979).
Based on original Maxwell’s (1904) considerations,

I | ’ | the decrease in the conductance of a long capillary of
\ radiusR and lengthL upon entry of a single particle of

N
> ‘—/ radiusr < R can be expressed as (Gregg & Steidley,
/ ﬂ.\ 1965)
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Fig. 1. In a conventional Coulter counter the flow of liquid maintained where o is solution conductivity. If the particle and

by an external pressure difference drives micron-sized particles through .. .

the sensor capillary in a glass partition. Each particle entry produces gha_nnel radii are comparqble, the effect is larger (De-

pulse in the capillary conductance. The number of pulses per seconB!0iS & Bean, 1970; DeBlois et al., 1977). The concen-

reports on the particle concentration; the particle size can be inferredration of particles can be adjusted in a way that the

from the pulse amplitude. probability of two particles being in the capillary at the
same time will be low, so that each particle passage will

produce a conductance change described by Eq. 1. It

Now ‘molecular technology’ increases the potential will re;ult in a §udden current (voltage) pulse of corre-
capacity of the method still further. The aqueous pore ofiPonding amplitude. Equation 1 demonstrates that the
a large channel in its completely open conformation car@MPplitude of the pulse is proportional to the third power
be used to detect passage of molecules with effectiv@f Particle radius, thatis, to particle volume. Taking into
radii of several angstroms only. The ‘molecular Coulter@cCount noise considerations, this sets the limit on par-
counter’ (Bezrukov, Vodyanoy & Parsegian, 1994) al- ticle size detection at about 2% of the capillary diameter.
lows quantitative analysis of the dynamics and partition-Particles with the size below this value tend to be
ing of higher molecular weight molecules such as me_svyamped by electric noise. For a convgntlonal counter
tabolites and macromolecules in the presence of smallith the smallest aperture of about gén this means the
permeant ions. This is potentially a very general methodower limit of about 0.5um.
applicable to a wide range of physiologically important The duration of a pulse can be calculated from the

solutes and a variety of different channels. system hydrodynamics. In the case of a not very short
capillary it can be estimated by the characteristic time

that takes the fluid to pass the capillary along its axis

The Coulter Principle under the laminar flow conditions

2

The underlying idea of the resistive pulse technique thaty,,, = o
has been used in Coulter counters since the early fifties APR?
(Coulter, 1953) can be formulated as follows. If a non-
conducting particle suspended in a conducting mediunwheren is the fluid viscosity and\P is the hydrostatic
moves into a small capillary, it increases the resistance ofressure difference. At optimal conditions a Coulter
the capillary relative to that of the capillary filled with counter can count and classify these pulses according to
the conducting medium alone (Fig. 1). The magnitude oftheir size at a rate up to 5,000 per second.
this increase in resistance is related to the particle size. An extension of the resistive pulse technique capa-
In conventional Coulter counters the particle suspensiomilities to size particles much smaller thanpdn was
is made to flow by a hydrostatic pressure differenceachieved with the help of the sensor consisting of a
maintained across the capillary, so that the flow velocitysingle pore in a Nuclepore membrane (DeBlois & Bean,
defines the duration of the resistance increase. 1970; DeBlois et al., 1977). The sensor is prepared by

The changes in the resistance as particles pagsassing cast polycarbonate film across a heavy nuclear
through the capillary generate voltage pulses, which ar@article source. Tracks left in the film are then etched
amplified, sized, and counted. The technique was firsthemically to provide a precise pore size in a micron-
applied to blood cell counting, but with subsequentsubmicron range. With pore dimensions of tenths of a
modifications (Kubitschek, 1958) it permitted counting micron in diameter and 1-2 microns in length, the Nucle-
of bacterial cells and could be applied to the measurepore technology has been successfully applied to count
ment of cell-volume distributions. With further develop- viruses and bacteriophage particles down to 60 nm.
ments, the method has become very popular in a wide  Using conductance noise analysis (Bezrukov, Drab-

)
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kin & Sibilev, 1986) rather than single pulse detection, Snm ga
even higher sensitivity can be achieved (Bezrukov, Pus- ’ !
tovoit & Sibilev, 1992). The source of useful signal in
this case is random fluctuations in particle number den WN
sity. The sample volume is effectively ‘scanned’ by the J

capillary, so that fluctuations in the particle number gen-

erate noise in the capillary conductangeWith the help \T./\/
of a macroscopic capillary of about 30m in diameter
and half a millimeter in length it was possible to size e~
sodium dodecyl sulfate (SDS) and eycosanethylene gly-
col octadecyl monoether (gE,) micelles of about 5-10
!’1m ',n size. Int.eresyngly, the factor !Imltlng sensitivity Fig. 2. In the molecular version that uses an ion channel pore as a
in this method is noise generated by ion number fluctuasensor, the directional hydrodynamic flow is negligible for all reason-
tions (Feher & Weissman, 1973; van den Berg et al.able hydrostatic pressure differences. Diffusion dominates particle ex-
1986; Bezrukov et al., 1989). The normalized signal,change. In the absence of strong particle-pore interactions individual
mggymgz, from spherical particles of radiusoccupying pulses_are too short to resolve. To recover particle dynamics, spectral
volume fractionF does not depend on electrolyte con- analysis of the pore conductance noise must be used.

centration and equalsn33F/V, whereV is the capillary
volume (Bezrukov et al., 1992). At the same time nor-
malized noise stemming from ion concentration fluctua-
tions is given by their inverse total number in the sample
(though not for electrolyte mixtureséeBezrukov et al.,

>
»

Channel pore t

DIRECTIONAL FLOW Vs. DIFFUSION

It is very well known that ‘diffusion velocity,’ that is the
1989), and equals /%, wheren stands for electrolyte distance traveled by a diffusing particle divided by the

: . bservation time, is a function of the observation time
concentration (molecules per volume). Equating thes ! S . .
two values We(obtain P )- Eq g ?e.g., Berg, 1993). The smaller is this time, the higher is

the diffusion velocity. As a consequence, the character-
istic time of diffusion decreases faster than the distance.
P 3 ii 3) In the case of one-dimensional diffusion the mean square
min ™ "\ 6w nF distanceX*Oand the observation timg, are related
through diffusion coefficienD by
For 1 M 1-1 electrolytes and particle volume fraction of

1% this relation gives,;, = 2 nm. Conductance fluc- (X

tuations from smaller particles at this volume fraction'©~ 2p- )
and electrolyte concentration are hard to resolve because

of ion number fluctuations. Though this formula does not describe exactly the relax-

ation time for the diffusion-driven exchange of particles
] ] between the bulk and the capillargeenext section), it

Going to Molecular Scale: Three Size-related Issues g he used to crudely estimate out-of-capillary diffusion

time if we substitutem?Owith L2, For typical sizes of
Large, mesoscopic ion channels such as mitochondrigdarticles that are accessible for studies using a conven-
channels, bacterial porins, several toxins, gap junctiongjonal Coulter counter (about a micron) and capillary
the nuclear pore complex, and protein-conducting chanlengths (tens of microns), this time is too large to inter-
nels in the endoplasmic reticulum are good candidates téere with the device operation. For example, for a cap-
serve as molecular sensors or ‘molecular capillaries’ inllary of 10 wm in length containing Jum particles in
the resistive pulse technique (Fig. 2). Their water-filledwater under normal conditions, the diffusion time given
pore diameters are in the range of one to several nanoniy Eq. 4 is about one hour. It should be compared with
eters. What are main consequences of going from miene millisecond characteristic pulse time, which is de-
cron to nanometer scales? What are the basic differencdimed by the directional fluid flow through the capillary
between the classic version of a Coulter counter brieflyof a conventional Coulter counter. In fact, it is very hard
discussed above and its molecular version using iono observe a purely diffusional regime of particle ex-
channels? Here we will discuss the following three size-change in the case of macroscopic capillaries, as even a

related issues: very small, uncontrollable, of aboutdm water column
(i) Predominance of diffusion at small scales. hydrostatic pressure differences will introduce flow-
(i) Growing contribution of particle charge. induced motion with transient times that are smaller than

(iii) Increasing role of particle interactions with that given by Eq. 4.
capillary walls. When the dimensions of the system go down to mo-
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lecular sizes, the situation changes qualitatively and, acebject of molecular size that does not bear any charge
tually, becomes reversed. It is seen from comparison oédnd does not bind water molecules too tightly. In the
Eq. 2 with Eq. 4. As the capillary sizelsandR, and the  case of charged molecules we can expect complications
particle sizer, (the particle must fit the capillary) get related to the additional conductance introduced by the
smaller, the laminar flow time given by Eq. 2 stays con-test object itself; in the case of strong water binding the
stant while the diffusion time decreases as the thirdelectrical’ dimensions of the test object can differ from
power of the size. An additional factor amplifying the purely geometrical ones.

relative rate of the Brownian motion is an increase in a It seems like the best test object is the water mol-
particle diffusion coefficient as the particle size de- ecule itself. The necessary ‘experiment’ can be done
creases. Indeed, if all sizes are scaled down in the sameery quickly. We first note that Eq. 1 permits us to cal-
proportion particle diffusion coefficient in Eq. 4 changes culate particle size using conductivity data on a condition
asD = 1/ <1/, so thatt, = L3 Using a more exact that particle concentration is large enough to introduce

expression for the diffusional relaxation time; = measurable effects, but small enough to neglect particle-
L%12D (seenext section), we can estimate the ratio of particle interactions. Indeed, consider a conductometer
the characteristic times as cell of unitary dimensions. Its conductance in the ab-
sence of particles will be numerically equal to electrolyte
Tarr  APRP conductivitye. Adding particles at concentration will
Tron 48D (5)  decrease this conductivity by = n,Ag whereAg is

given by Eqg. 1 withL = 1. Dividing this relation byr

It is easy to show now that for a molecular pore the@nd Solving it with respect to we have

Brownian motion of particles dominates over directional 1 A
flow at all reasonable hydrostatic pressure differences = .3/ 29 (6)
across the system. To do that we py§ = 70w and 2mn, o

solve EqQ. 5 in respect tdP. That is, we ask: what is the . : .
ve =a. o P 'S W anat Now, adding 1 ml of water to 1 liter of a salt solution, we

hydrostatic pressure difference that would allow the ) e 0 .
flow-driven particle exchange rate to be comparable townl change its conductivity by 0.1%. The concentration

the diffusion-driven one? Substituting the following val- of %dd?g water molecules, the test objects, will be 3.3 x
ues:R = 1 nm,n = 10~ kg/msec (viscosity of water at 10°° m™3. Substituting these numbers in Eq. 6 we have

20°C), andD = 3 x 10 m?/sec (e.g., ATP diffusion r, 00.17 nm, which gives a very good estimate for the

coefficient in water (Diehl, Ihlefeld & Schwegler, water molecule radius. .
1991)), we obtail\P [11.5 x 10’ Pa, which is equivalent It turns out that even charged molecules can be sized
to a c;ne-and-half-kiIometer-hig;h water column. |t this way if the small-ion concentration is high enough

means that only at pressure differences higher than thigi0Stoviseva & Bezrukov, 1998). For example, ATP
one the exchange of molecules will be governed by ﬂow.mOIeCUIeS at neutral pH carry four elementary charges
At smaller pressure differences diffusion dominates each so that their addition to a diluted sodium chloride

Our estimations used several simplified assump_solutlon increases its conductivity. However, at high so-

tions. The most important assumption is that we havedium chloride concentrations electrolytic features of
taken the particle diffusion coefficient in bulk water ~1F aré progressively suppressed and its interference

samples to describe diffusion in an ion channel pore.W't.h current curried by small ions (I\*laanq Chis ”.‘ade
We will return to this question later. However, even ewdent_. Figure 3 shows that at low sodium chloride con-
with this simplification, our estimate is reliable enough centrations ATP behaves as an electrolyte, whereas at

to demonstrate the qualitative change in the system beqoncentrations higher than OsbNaCl, ATP molecules

havior and to highlight the importance of diffusion on the act as hqnconductlng pgrtlcles that decregse solution
molecular scale. conductivity. The effect is close to saturation atv2

NaCl. Formally applying Eq. 6 to this point we obtain
rate 0 0.77 nm, which is in accord with the hydrody-
NONCONDUCTING PARTICLE V's. PoLYION namic radius found from ATP diffusion coefficient in
water (Diehl et al., 1991). Thus, in an analogy with op-
The formula relating the magnitude of conductance retics, dual properties of ATP-sized charged molecules can
duction to the electrolyte conductivity and particle size,be contrasted by diluting or concentrating small-ion so-
Eq. 1, was repeatedly verified experimentally for mi- lutions.
cron-sized objects (e.g., Allen, 1967; DeBlois & Bean,
1970, DeBIO'S et al, 1977) DOGS |t h0|d true fOI‘ the PART|CLE'PORE INTERACT|ONS
objects of molecular size when they are smaller than the
mean distance between electrolyte ions (about 10 nm fo&oing to molecular scale we encounter different kinds of
1 mm 1-1 electrolytes)? To check this, we need a tesinteractions between the particle and the pore which
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T — matically increased by the micron-to-nanometer scale
i transition. These interactions are not restricted to just
02} ‘\ 8 Coulomb forces between fixed charges on the pore wall
\ and on the metabolite molecule. They necessarily in-
o1k n h clude van der Waals attractive forces and multiple elec-
i AN trostatic polarization effects. A wealth of research in
[ \A surface and colloid science (Parsegian et al., 1986; Nin-
00~ O ] ham, 1989; Zydney & Pujar, 1998) is immediately avail-

[ Al able to think about various mechanisms of solute selec-
01 —A ] tivity based on electrical interactions.

Aoc/c,

02 e ] Particle Behavior from Conductance Fluctuations
0.1 0.3 1 3.0

NaCl, M Among the three size-related features discussed above,
the most instructive is the predominance of diffusion at
Fig. 3. Elgctrolyte or nonconducting pgrticle? Dual.properties Qf.ATP small scales. It allows approaching the question of
are seenin the effec_:t of 50NmATP addition on small—lon conductivity. ‘pulse duration’ by solving a purely diffusional problem.
At NaCl concentrations smaller than Qv ATP increases bulk solu- . . .
tion conductivity — the electrolytic feature of ATP is evident. At _CondUCtance noise arising from the stochastic nature
higher NaCl concentrations, addition of ATP reduces specific bulkOf diffusion of matter or heat has been repeatedly ad-
conductivity — ATP molecules act as nonconducting particles inter-dressed for at least the last 50 years (Richardson, 1950;
fering with small-ion flow. From Rostovtseva and Bezrukov (1998). van Vliet & Fasset, 1965; Weissman, 1988). To relate a
characteristic ‘cutoff’ frequency (frequency bandwidth)
of diffusion noise in the conductance of a capillary chan-
hardly mattered in the case of a conventional Coultemel of lengthL (L > R) in the presence of particles with
counter. These interactions can be divided into stericthe diffusion coefficienD, different authors use different
hydrodynamic, and electric. An intuitively clear picture expressionsD/L? (Kim et al., 1980),D/wL? (van den
of complete exclusion of a large hard sphere from a smalBerg et al., 1986), or B/wL? (which follows from the
pore gives the simplest example of steric interactionscharacteristic diffusion relaxation time?/12D, given by
However, even when the sphere radius is reliably smalleFeher and Weissman (1973), if one assumes a simple
than the pore radius, these interactions can still be sigkorentzian shape for the noise spectrum). Calculation of
nificant. A straightforward geometrical consideration the cutoff frequency and the characteristic diffusion re-
(e.g., Colton, Satterfield & Lai, 1975) shows that in the laxation time is closely related to the ‘first passage time
case when the sphere radius is half the pore radius, theroblem’ widely discussed in chemical physics (e.g.,
partitioin coefficient is reduced by a factor of four. For Weiss, 1966). It is possible to proceed this way and to
flexible polymers, steric interactions are mostly relatedcalculate the characteristic diffusion relaxation time us-
to the loss in the number of possible polymer configu-ing proper averaging over the capillary length. How-
rations as a result of its confinement by the pore (deever, it is very well known that the spectra of diffusion
Gennes, 1979; Grosberg & Khokhlov, 1994). This en-noise generally have rather complex shape (Richardson,
tropic repulsion plays an important role in polymer par- 1960; van Vliet & Fasset, 1965) and only under special
titioning into the channel pore and, therefore, in polymercircumstances are described by a single Lorentzian
transmembrane transport. (Bezrukov & Vodyanoy, 1994). This means that the re-
Hydrodynamic interactions include several effects,laxation is nonexponential and, as a consequence, the
first of all, the propulsion of water inside the channel by relaxation time for diffusion is not as clearly defined as
a diffusing particle and additional sheer friction arising for a two-state Markovian process.
between channel walls and the particle surface. If the  All estimates discussed above predict a very high
particle and pore sizes are comparable, this interactionoise bandwidth and, correspondingly, very short diffu-
results in a substantial decrease in diffusion rate (Bearsion relaxation times. With the diffusion coefficient any-
1972). In addition, in the case of molecular sizes, thewhere close to its bulk value for a 1-2 nm particle in
state of water at the interface could be different from itswater, we obtain the diffusion relaxation time in the
bulk state (Rabinovich & Derjaguin, 1988; Berkowitz & range of nanoseconds. This time is too short to be re-
Raghavan, 1994) and the channel inner surface may be gblved in single-channel experiments. Correspondingly,
no exception. This brings us to the question about thehe cutoff frequency of power spectral density is too high
value of ‘water viscosity’ that should be used to calculate(MHz range) to be measured. Nevertheless, the diffu-
the diffusion raten a 1 nmchannel. sion relaxation time and, therefore, the diffusion coeffi-
The importance of electric interactions is also dra-cient of the particle in the pore, can be deduced from the
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low-frequency part of the fluctuation spectrum if certain partitioning experiments. For the channels with pore ra-
additional information is available. dii in the nanometer range it allows analysis based on the
The idea is that the mean square conductance flucscaling ideas of polymer science (de Gennes, 1979;
tuation is simply a product of the square of the poreGrosberg & Khokhlov, 1994), though generally the situ-
conductance change produced by entering of a singlation is more complex (e.g., Merzlyak et al., 1999).
particle,Ag,, and the average number of particles in the Polymer partitioning into the channel agueous pore
pore, INC) that is, AgZIND) On the other hand, it is a s deduced from its effect on (average) channel conduc-
product of the noise low-frequency spectral densX9),  tance (Krasilnikov et al., 1992; Bezrukov & Vodyanoy,
and the effective noise bandwidtfy, obtained from the  1993). Though the mechanisms by which addition of
diffusion model and expressed through the diffusion coneutral polymers reduces ion mobility are understood
efficient and pore length. Thus, measur@) one can  only qualitatively (Yam, Anderson & Buxbaum, 1988;
deduce the diffusion coefficient of the particle in the perezhkovskii et al., 1999), the usual assumption is that
pore. Leaving out the details, we obtain (Bezrukov et al. the effect of polymers on bulk electrolyte conductivity
1994; Rostovtseva & Bezrukov, 1998) and pore conductance is the same and can be related to
the average polymeric concentration. Therefore, the par-
D = AgSAgILAV/35(0), 7 tition coefficient can be estimated as the ratio of the

. relative polymer-induced reduction of channel conduc-
where [AgUstands for the average particle-induced re-i;ce 1o the relative reduction of bulk solution conduc-

duction in pore conductance seen as the reduction in thﬁvity Using this approach, it was found that while cer-

meltan smgle-cgar?neilh culrrenfv, is the transmembratnel tain channels are able to accumulate molecules of small
voltage, andS(0) is the low-frequency power spectral PEGs in their pores to an excess of PEG bulk concen-

density of particle-induced current fluctuations. Main tration (e.g., Bezrukov et al., 1996; Bezrukov & Kasia-

:ﬁﬁum“gg;ﬂggdgf aalnong {iiCRI)eEO;?igfen?:tﬁa%%;ensnowicz, 1997), others do not show any significant PEG
yp P accumulation (e.g., Bezrukov & Vodyanoy, 1993; Kau-

The second assumption is always fulfilled in the case of.
small INCJ in et al., 1998).

. : The molecular Coulter counter principle was first
While Eq. 7 describes only the low-frequency part, . L
the completg spectrum can bg expressed (tthoughpan i \pplied to alamethicin channels (Bezrukov & Vodyanoy,

finite sum of properly weighed Lorentzians. This sum .9.91; Bezrukov et al., 1994) whose PEG size-dependent
gives ‘white’ (frequency-independent) behavior at low filling does not show any attraction between the pore and
frequencies and the characteristic2 diffusion slope’ the polymer. The absence of attraction is made evident
(Richardson, 1950; van Vliet & Fasset, 1965) at highby two observations. First, even the smallest PEGs
frequencies. The value of the diffusion relaxation timechange the amplitudes of channel currents to a smaller
depends on the definition of the characteristic time fordegree than the conductivity of the bulk phase (Bezrukov
nonexponential relaxation. Within its assumptions Eq. 7& Vodyanoy, 1993). Second, PEG decreases the relative
is exact, but the corresponding relaxation time can bérobability of higher conductance states by collapsing

equal toL%6wD, L?/12D (the result given earlier by Fe- the channel toward its closed state in agreement with the
her and Weissman (1973) and Berg (1993))L%D, polymer-induced osmotic stress even for polymers of

depending on the choice of the definition. small, penetrating size (Vodyanoy et al., 1993).
In planar lipid bilayers alamethicin forms voltage-

dependent channels that switch randomly between dif-
Flexible Neutral Polymers in Channel Pores ferent conductance states (Hall et al., 1984). According

to the most popular barrel-stave model, the average di-
Flexible water-soluble polymers are promising tools inameter of the channel changes from about 1 nm to about
studying ion channel properties in their functional states2 nm for the first three conducting states (e.g., Sansom,
(Zimmerberg & Parsegian, 1986; Krasilnikov et al., 1991; Woolley & Wallace, 1992; Cafiso, 1994). From
1992; Bezrukov & Vodyanoy, 1993; Vodyanoy et al., analysis of PEG-induced noise and PEG-induced con-
1993; Bezrukov et al., 1994; Parsegian et al., 1995; Bezeuctance reduction (Bezrukov et al., 1994) it was in-
rukov et al., 1996; Bezrukov & Kasianowicz, 1997; Kau- ferred that the mobility of polymers inside the channel
lin et al., 1998; Merzlyak et al., 1999). Especially help- pore are reduced by a factor of about 20 in comparison
ful polymer is poly-(ethylene glycol), PEG, because it with their mobility in the bulk. Small PEGs with mo-
can be dissolved in water in practically any proportion, islecular weights of 200, 300, and 400 Dalton showed
commercially available in many different sizes, and hashigher mobility in higher conductance levels, but the
a Kuhn length of several angstroms only. The latterdecrease of the diffusion coefficient with the polymer
property, associated with a relatively small size of PEGmolecular weight was much less expressed than in the
coils in water (Couper & Stepto, 1969; Kuga, 1981) is bulk.
crucially important for data interpretation in polymer The reduction in mobility of a particle inside a pore



S.M. Bezrukov: lon Channels as Coulter Counters 7

Fig. 4. Currents through a single-toxin channel

as affected by addition of PEG with molecular

weights of 200, 2000, and 8000 Da. The control
1s current trace on the left shows channel
spontaneous insertion in the absence of polymer.
The three traces on the right illustrate channel
insertion in polymer-containing solution 2 NaCl
solution at pH 7.5 with polymers added to 15%
weight/weight concentration for all PEGS). It is
seen that while the blocking effect decreases as
polymer molecular weight is increased (large
polymers are sterically excluded from the pore),
PEG-induced noise is maximal for PEG 2000. The
applied potential was 100 mV, the signal was
filtered by a 1 kHz low-pass Bessel filter. From

NO PEG PEG 200 PEG 2000 PEG 8000 Bezrukov et al. (1996).

30 pA

of a comparable size can be explained by the restrictetferzlyak et al., 1999). The ability of this toxin to form
diffusion considerations. It is very well known that the channels in lipid bilayers, the main mechanism by which
diffusion rate measured as a total flux of molecular spe-t is believed to damage target cells, was discovered
cies through a synthetic membrane of a given pore areaome 20 years ago (Krasilnikov et al., 1981). Recently,
and thickness may be greatly slowed down if the dimen+the crystal structure has been determined to 0.19-nm
sions of the pores are comparable with those of the difresolution (Song et al., 1996). Contrary to the alamethi-
fusing molecules (for a review of early resuisePap-  cin channel studies, significant attraction between PEG
enheimer, 1953). The corresponding diffusion coeffi-and thea-toxin pore was found, especially at high salt
cient is less than the free diffusion coefficient and isconcentrations. Two observations lead to this conclu-
termed the ‘restricted diffusion coefficientD,y. An  sion. First, there is a pronounced decrease of the channel
analytical consideration of the problem was given moreconductance in the presence of small polymers. It ex-
than half a century ago by Faxen (1922), who introducedceeds PEG effect on bulk solution conductivity and sug-
the following correction to Stokes’ law gests PEG accumulation in the pore to an excess of its
, . bulk concentration. Second, there is a strong reduction
rd _ r r r of PEG mobility in the pore, which is seen as a high level
D 1- 2'1%+ 2'09<§> - 095(?{) ' @)  of polymer-induced noise in the open channel current.
Figure 4 shows the effect of PEGs of different mo-
wherer and R are the particle and the capillary radii, lecular weights on the current through a singloxin
correspondingly. channel. The high noise level that is clearly displayed by

While the reduction in the diffusion coefficients for the record for PEG with molecular weight 2000 Da re-
a polymer inside a molecular pore found in experimentsflects the slow rate of polymer translocation through the
with alamethicin (Bezrukov et al., 1994) is in a qualita- Pore. The corresponding diffusion coefficient calculated
tive accord with the restricted diffusion theory, the ab-from the power spectal density using Eq. (7) is several
sence of any significant dependence of the diffusion coorders of magnitude smaller than its value in the bulk
efficient on the polymer molecular weight is not. In fact, (Bezrukov et al., 1996). Given that PEG associates with
it strongly disagrees with the restricted diffusion consid-hydrophobic regions of proteins (Arakawa & Timasheff,
erations for hard spheres that would predict a dramatid986), it shows that the lining of the aqueous cavity of
decrease in the diffusion rates as the radius of a diffusingne pore is, at least partially, hydrophobic. An additional
sphere approaches the radius of a channel (Bean, 1974@ctor accounting for the observed slow polymer trans-
This discrepancy probably reflects some differences idocation could be ‘steric trapping’ due to a bubble-like
restricted diffusion of random flexible polymer coils and cavity in thea-toxin channel pore that was revealed in a
hard spheres. Polymer coils confined by a pore are limcrystallographic study (Song et al., 1996).
ited in their possible space configurations. This confine-
ment significantly distorts polymer initial (bulk) shape ) ) _
and is paid for by a decreasing partitioning of polymersATP Transport Through Mitochondrial Porin
as their size increases.

The partitioning and dynamics of PEGs in the con-The mitochondrial porin, VDAC (voltage-dependent an-
fines of an ion channel pore were studied in numerouson channel) is known to provide a pathway for most of
experiments with thé&taphylococcus aureus-hemoly-  the metabolite flux across the outer membrane of mito-
sin (a-toxin) channel (e.g., Krasilnikov et al., 1992; chondria. The structural features (Mannella, Forte & Co-
Bezrukov et al., 1996; Bezrukov & Kasianowicz, 1997; lombini, 1992; Song et al., 1998) and the ability to gate
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and an increase in channel noise. As ATP concentration

OmMATP 28 mMATP increases, the effect on channel conductance saturates at
( 95 mM ATP about 0.6 of the conductance initial magnitude, while the
\ ATP-induced noise goes through a maximum at about
\\ Ml/ 100 mv ATP in the_bulk flata not showhp Channel
\ e conductance saturation to a nonzero value suggests that

\ /
\ /
\ /

/
/
/

104 the channel conductance block by one ATP molecule is
1 not complete. It turns out (Rostovtseva & Bezrukov,
] \\ 1998) that it is actually close to the value predicted by
05 ] @ @ Eqg. 1. Analysis of the noise and conductance shows that
= mobility of the ATP inside the VDAC pore is reduced
1 approximately by an order of magnitude in comparison
] to its bulk mobility. The diffusion coefficient of ATP in
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0.0 the channel is deduced to be (1.6-3.3) x{an?sec;
(¢ (¢ the diffusion coefficient reported for bulk water solutions
0 011 30 308 50 5.1 is 3 x 109 m%sec (Diehl et al., 1991).
Time, min. The tenfold decrease in ATP mobility can be ex-
plained by the restricted diffusion theory. The correction
;sr:\';‘v_] described by Eqg. 8 was widely used in molecular-sieve

chromatography theory and had been experimentally
Fig. 5. Currents through a completely open VDAC channel in the Shown to hold for to R ratios as high as 0.3-0.4 (Ren-
presence of increasing amount of ATP (from left to right). Nucleotide kin, 1955; Ackers, 1964; Casassa, 1971). H#Bratio of
addition to 1M NaCl membrane-bathing solution reduces channel cur-0.4 Eq. 8 predicts about fourfold reduction in diffusion

rent and in_creases current noise_céinsets tha_t show currents at a fingr coefficient. Later, a more exact calculation with accu-
scale) that is used to assess particle dynamics. VDAC was reconstitute,

) S ; cy up to the 10th power af/R was performed and
into a planar lipid bilayer of 35 pF capacitance at room temperature an . . .
pH 8.0. Time resolution was 0.1 msec. The bottom trace indicates mwexperimentally verified (f_or a reviewee Bef’m’ 1972)_'
potential applied to the membrane. From Rostovtseva and Bezrukolt Was shown that/R ratio of 0.6 results in approxi-
(1998). mately tenfold decrease of the transport rate. These re-
sults confirmed the main conclusions of restricted diffu-
between differently selective states (Hodge & Colom-Sion theory, butdid not supply the absolute values for the
bini, 1997) make this channel a good candidate for me_dlffusmn coeff|C|gnt due to uncertainty in capillary ge-
tabolite flux regulation. Results obtained on intact mi- OMetry in synthetic membranes. The decreased mobility
tochondria suggested that VDAC could be responsibléf ATP in the VDAC pore is in good agreement with the
for nucleotide transport (Benz et al., 1988; Liu & Co- prediction of restricted diffusion theory. The hydrody-
lombini, 1992; Gellerich et al., 1993; Benz, 1994: Lee,namic radius of ATP molecule is about 0.8 nm, the chan-
Zizi & Colombini, 1994). Recently, in experiments with Nnel radius is about 1.3 nm. Their ratio is close to 0.6.
VDAC reconstituted into planar lipid bilayer membranes Theoretical models of restricted diffusion take into
(Rostovtseva & Colombini, 1997) it was directly dem- account properties of the bulk water. Do properties of
onstrated that VDAC is able not only to mediate but alsowater in a narrow pore differ from those in the bulk to the
to control ATP flux through the mitochondrial mem- extent that they significantly affect diffusion? Bean and
brane. In the fully open conformation VDAC permeabil- coauthors studied diffusion and pressure-driven flow of
ity for ATP is 1.1 x 102° m®sec, while in the closed pure water through uniform and well defined pores with
state the permeability drops by two orders of magnitudediameters in the range of 30-300 nm (Bean, 1972). They
These measurements were performed on multichannehowed that their results are consistent with hydrody-
membranes using an ATP-specific reaction — the lu-namics of ‘normal’ (bulk) water and concluded that any
ciferin/luciferase method allowing detection of subnano-rigid water layer must be only 1 nm or less in thickness.
molar ATP concentrations. This conclusion is in a good agreement with observations
The molecular Coulter counter approach was ap-by Gutman, Nachliel & Kiryati (1992) who studied pro-
plied to a single VDAC channel whose conductanceton diffusion in the interbilayer space and found no evi-
properties were studied in the presence of different condence for abnormal dynamics of protons. They have
centrations of ATP (Rostovtseva & Bezrukov, 1998). found that the diffusion coefficient of the proton in a 1-3
Figure 5 demonstrates ATP-induced changes in the cumm layer of water is nearly equal to its diffusion coeffi-
rent through a single VDAC channel reconstituted into acient in bulk water. The latest molecular dynamics simu-
planar lipid bilayer. Two effects of ATP application are lations performed at a total simulation time of ¥&ec
immediately seen: a decrease in channel conductand&mith & Sansom, 1999) also point in this direction.
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The effective short-time local diffusion coefficient of maltose uptake system (Szmelcman & Hofnung, 1975;
potassium and chloride ions was studied in a series oBloch & Desaymard, 1985; Nikaido, 1993). Maltoporin
model ion channels. It was shown that mobility of both can be reconstituted in planar bilayer lipid membranes
ions is appreciably reduced only in the narrowest chanwhere it forms ion channels whose conductance is very
nels. Specifically, a factor of 2 or greater mobility re- sensitive to the presence of sugars in the membrane-
duction was observed only for pore radii of 0.4 nm or bathing solution (Benz et al., 1986). These findings in-
smaller. dicate that maltoporin contains the sugar-specific bind-
ing site that is located in the channel pore (Benz, Schmid

_ & Vos-Scheperkeuter, 1987; Jordy, 1996; Andersen et
Large Molecules and Strong Interactions: al., 1999).

Time-Resolved Single-Molecular Events The kinetics of sugar binding to a site within malto-

. , .. porin pore were studied with the help of noise analysis
As discussed above, attractive and, probably, steric inperformed on multichannel membranes (Nekolla, Ander-
teractions between a particle and a pore are able to sloW,, ¢ Benz. 1994: Andersen Jordy & Benz, 1995). It
down particle passage through the pore dramaticallyyas found that addition of sugars to the membrane-
If these interactions are strong enough and/or translocabathing solution decreased the membrane current in

ing molecules are large, the event of a Slngle'mOlewkﬁose-dependent manner and also increased the spectral

passage can be resolved In time. Qne of the examples B;ensity of membrane current noise. The power spectral
the field-driven translocation of single-stranded RNA density of this sugar-induced noise could be approxi-

and DNA fragments through the-toxin channel (Kasi- mated by a Lorentzian with the cutoff frequency that

anowicz et al., 1996). Here, except for using VOItagerepended on sugar type and sugar concentration. This
instead of pressure, the analogy to a Coulter counter IS . AP . -
obVious. allowed calculation of the association and dissociation

This study employed synthetic polynucleotides of rates for the sugar binding refa\ction. The single—channgl
different molecular weights, which blocked current conductance derived from noise measurements was sig-

through the channel with the lifetimes proportional to nificantly sma!ler than the value measured in single-
their length. In particular, it was shown that at 120 mV channel experiments (Nekolla et al., 1994). The authors

applied to the membrane a 210-base poly[U] blocks th(_:‘speculated that the reason for such a discrepancy was

channel current for about 1 msec. A 200-base Single[elated to the trimeric architecture of the maltoporin

stranded polynucleotide has a length of about 100 nnphanr]el (Pavla & Westermann, 1979; Schirmer et al.,
and a diameter of about 1 nm, which means a diffusiont995; Jap & Walian, 1998) and that one sugar molecule

coefficient of abot3 x 10°* m¥sec in the bulk water PlOcks a current only through one of the trimers.
under normal conditions (Berg, 1993). Using this coef- ~ Figure 6 shows time-resolved single-molecular
ficient for the diffusion in the pore and applying the €vents Qf maI'Fohexaose bln_d|_ng toa maltoporin chanr_1e|
diffusion relaxation arguments presented above with théeconstituted into a planar lipid bilayer membrane. It is
pore length substituted by the nucleotide length (the molseen that at small sugar concentration (i¥), current
ecule is an order of magnitude longer than the channelhrough the channel is randomly blocked with a charac-
length), we obtain 3@usec for a characteristic time of a teristic time of several milliseconds to one third of the
‘purely diffusional’ relaxation. This estimate, that ig- initial channel conductance. The probability of blocking
nores the effects of the applied electric field altogether, igs about 0.2. When sugar concentration is increased to
about 30 times smaller than the blocking time found30 uMm, states blocked to two thirds of initial conductance
experimentally (Kasianowicz et al., 1996). It is clear, are clearly seen. A complete block of the channel can
however, that the electric field of about 1®&/m only  also be observed occasionally. The interpretation of
decreases the passage time. Actually, it is the majosuch behavior is obvious. One sugar molecule blocks
driving force for nucleotide translocation. This conclu- only one channel in the maltoporin trimer. When the
sion follows from proportionality of the blocking time to sugar concentration is increased, the probability of si-
the inverse of the applied potential and to the polymemultaneous blocking grows to a value where double
length (and not to polymer length squared, as it would beand triple blocking is made possible. Interestingly,
in the case of diffusion relaxation). These findings, con-one maltohexaose molecule is enough to block current
sidered together with the above estimate, suggest strorthrough a single pore of the trimer completely.
polynucleotide/pore interactions. Thus, because of a strong attractive interaction be-
Another example of time-resolved transport eventstween the sugar molecule, maltohexaose, and the malto-
is that of sugar transport through the solute-specificporin pore, the effective mobility of this molecule inside
channel in the outer membrane of gram-negative bactethe pore is slowed down by some five orders of magni-
ria, maltoporin. This channel, alternatively called LamB tude in comparison to its bulk mobility. This circum-
(Luckey & Nikaido, 1980), is known to be a part of the stance permits observation of time-resolved single-
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Fig. 6. Time-resolved single-molecular events of
sugar exchange between the membrane-bathing
solution and the maltoporin channel. Recordings
of the current through a single maltoporin channel
in the presence of 1M maltohexaose show

10 uM 30 uM current interruptions corresponding to one sugar
molecule entry to one pore of the channel trimer.

0 uM

MMM At 30 pm maltohexaose, two or even all three
pores can be occupied by sugar simultaneously.
Strong binding of maltohexaose to a site within
maltoporin aqueous pore makes it possible to
observe single-molecular events. Maltoporin was
reconstituted into a planar lipid bilayer of 45 pF

i

capacitance bathed byM KCI at room

temperature and pH 7.4. Currents were measured

at 100 mV applied potential, time resolution was
50 ms 0.2 msec. From S.M. Bezrukov and M.

Winterhalter (nanuscript in preparation

10 pA

molecular events. Other examples include protein-able quantitative evaluation of solute partitioning into,
translocating channels of endoplasmic reticulum (Simorand dynamics within, the confines of aqueous pores of
& Blobel, 1991) and nuclear pore complex channels inion channels. However, as with any approach that does
the presence of transcription factors or TATA-binding not trace the solute flux directly, it is model-dependent.
protein (Bustamante et al., 19895c). Figure 6 demon- Therefore, the method is most instructive when it is used
strates the instructiveness of time-resolved observatiom combination with other approaches which allow direct
of single-molecular events; however, if the molecularobservation of transmembrane flux.
mobility is anywhere close to its value in the bulk, the The molecular Coulter counter concept was largely
corresponding time scale is too fast. For the ATP mol-inspired by the work of Charles Bean and his colleagues
ecule average residence time in the VDAC pore we havavith submicron pores in polycarbonate films to count
about 107 sec (Rostovtseva & Bezrukov, 1998), which viruses and bacteriophage particles suspended in electro-
is far beyond modern resolution of single-channel ex-lyte solution (DeBlois & Bean, 1970; DeBlois et al.,
periments. 1977). It also relies on the wealth of ion channel noise
research (Conti & Wanke, 1975; Neher & Stevens, 1977;
DeFelice, 1981; Fishman & Leuchtag, 1990), especially
Conclusions on studies of permeation of the slower moving ions by
their blocking effect on the faster moving ions in the
New methods for studies of channel-facilitated large-channel (Hess & Tsien, 1984; Heinemann & Sigworth,
molecule transport are in great demand. It is well estab1989). It is very close to the noise analysis method that
lished that ion channels are key structural elements s being developed for studies of sugar binding in porins
metabolite exchange between different cellular compart{N€ekolla, 1994; Andersen et al., 1995, 1998). The
ments and between cells. Now, the evidence mounts th&tOulter counter approach, however, demonstrates that
transmembrane channels also play a central role in prg?n€ does not need any molecular binding to be able to
tein trafficking (Simon & Blobel, 1991; Blobel, 1995; access the main features of transport such as solute par-
Simon, 1995). Moreover, a recent study (Marciano,titioning and dynamics in the channel pore. The effect
Russel & Simon, 1999) suggests that particles as large £ the channel conductance does not even have to be
phage f1 (about 7 nm in diameter) can eiiétcherichia complete channel blocking. In the absence of strong
coli host cells with the help of a phage-encoded channePinding, the diffusional considerations discussed above
protein. To understand the main principles and structurafvork well enough to describe the solute interference with
aspects of the large-molecule permeability and selectivsSmall ion currents that reveals solute dynamics.
ity will require detailed information on transport phe-
nomenology.

Molecular Coulter counters allow measurement of
the pore-bulk exchange of higher molecule weight mol-
ecules such as metabolites and macromolecules, in tHZEferences
presence of small permeant ions. The method can bRckers, G.K. 1964. Molecular exclusion and restricted diffusion pro-
applied to a wide range of physiologically important sol-  cesses in molecular-sieve chromatograpBjochemistry3:723—
utes and a variety of different channels. It permits reli- 730

The author is indebted to Adrian Parsegian and Sasha Berezhkovskii
for fruitful discussions and reading the manuscript.
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